Introduction
============

Breast cancer is the most frequently diagnosed life-threatening cancer and the second leading cause of cancer deaths among women in the US.[@b1-ott-6-273] Further reduction in mortality will require successful strategies for early detection of this disease. Serological biomarkers that may accurately determine tumor onset are considered a promising approach for early cancer detection. Most of the efforts in the past have been centered on the discovery and characterization of circulating tumor-associated antigens (TAAs). Two clinically used breast cancer antigens, CA 15-3 and CA 27--29, are elevated in less than 10% of early stage and 75% of advanced stage breast cancer patients. Neither is recommended for screening nor diagnosis of breast cancer onset.[@b2-ott-6-273]

In addition to the detection of serum antigens, humoral immune responses to tumor progression have recently been demonstrated to have reliable accuracy for early cancer detection.[@b3-ott-6-273]--[@b6-ott-6-273] Autoantibodies to p53 have been reported in patients with early stage ovarian, colorectal, and breast cancers,[@b7-ott-6-273],[@b8-ott-6-273] and a panel of serum antibodies can detect non-small cell lung cancer 5 years prior to autoradiograph detection.[@b9-ott-6-273] Thirty percent of patients with ductal carcinoma in situ in which the proto-oncogene HER-2/neu is overexpressed have serum antibodies specific to this protein.[@b10-ott-6-273],[@b11-ott-6-273]

Although autoantibodies have showed promising results as novel diagnostic biomarkers for the early detection of many cancers, the low sensitivities and specificities have limited rapid clinical application. The presence of p53 autoantibodies has been observed in only 15% of patients with breast cancer.[@b12-ott-6-273]--[@b14-ott-6-273] In addition, p53 autoantibodies have also been found in patients with other malignancies and inflammatory conditions,[@b15-ott-6-273],[@b16-ott-6-273] thus the humoral response to p53 is nonspecific for breast cancer. A humoral response to the 90 kDa heat shock protein has been associated with early breast cancer existence,[@b17-ott-6-273] however, it has also been reported to be associated with other diseases as well. Therefore, it is logical and practical to combine both serological antigen and antibody biomarkers to improve sensitivity and specificity.

In this study, we measured serum CA 15-3 levels concurrently with novel autoantibodies from patients and control serum samples to evaluate their diagnostic advantage in breast cancer detection. The combined analysis will explore whether both novel autoantibodies and CA 15-3 would be complementary for better diagnostic accuracy over any single biomarker alone.

Materials and methods
=====================

Clinical samples
----------------

A total of 155 breast cancer patient, 155 normal control, and 40 other (non breast) cancer patient serum samples were collected from Shaoxing People's Hospital, Zhejiang, People's Republic of China. In addition, 40 specimens of breast tumor, 40 adjacent non tumor, and 32 benign breast tumor tissues were collected from the same hospital. Detailed information of the specimens is listed in [Table 1](#t1-ott-6-273){ref-type="table"}. All the clinical samples were collected under approval by the Institutional Review Board of Shaoxing People's Hospital.

Selection of TAA phage proteins
-------------------------------

A T7 phage breast cancer not complementary deoxyribonucleic acid (cDNA) library (EMD Millipore Biosciences, Bellerica, MA, USA) was biopanned with sera from five pooled patients and five pooled normal donors to screen potential autoantigens recognized by circulating antibodies in patient sera as previously described.[@b18-ott-6-273] To confirm the selection of four rounds of biopanning, limiting dilutions of phages from biopan 4 were used to infect bacteria and grown on a lysogeny broth (LB) agar plate covered with 6% agarose (LB agar/agarose). Phage plaques were lifted twice by placing two nitrocellulose disk membranes (EMD Millipore) onto plaques formed on LB agar/agarose plates (4°C for 2 hours). One membrane was probed with the five pooled breast cancer patient sera, and the other membrane was probed with the five pooled normal sera (1:1000 dilution). The membranes were followed by anti-human horseradish peroxidase (HRP)-conjugated secondary antibody (1:10,000 dilution; Jackson ImmunoResearch, West Grove, PA, USA). The images were detected with electrogenerated chemiluminescence (TianGen Biotech Co, Ltd, Beijing, People's Republic of China). Colonies corresponding to the highly immunoreactive spots on the membrane were harvested from the original LB agar/ agarose plate and amplified in *E.coli* as previously described.[@b18-ott-6-273]

Sequencing and identification of TAA phage proteins
---------------------------------------------------

The cDNA inserts from the phage clones isolated above were polymerase chain reaction (PCR) amplified using commercially available T7 phage vector primer (EMD Millipore). The sequences are: T7 forward 5′-GGAGCTGTCGTATTCCAGTC-3′ and T7 reverse 5′-AACCCCTCAAGACCCGTTTA-3′. Sequences of unique clones were checked for the open reading frame (ORF) status in the T7 expression vector. Only the correct ORF encoded proteins were identified in the GenBank database using the BLAST search program.[@b19-ott-6-273]

Measurement of autoantibodies against TAA phage proteins
--------------------------------------------------------

Enzyme-linked immunosorbent assays (ELISAs) were developed using the identified phage proteins to evaluate their immunogenic reactivity with different serum samples. Ninety six well ELISA plates (Guangzhou Jet Bio-Filtration Products Co, Ltd, Guangzhou, People's Republic of China) were separately coated with the identified ORF tumor associated proteins or T7 empty phages as a negative control (2.5 × 10[@b10-ott-6-273] phage/well in 1 × phosphate buffered saline \[PBS\]/0.1% bovine serum albumin \[BSA\] at 4°C o/n), blocked (PBS/1% BSA 37°C for 1 hour) and washed (PBS/Tween 20). Serum samples (1:200 diluted with 1 × PBS) from individual patients or controls were added to each well (37°C for 1 hour), the plates were washed, and then incubated with anti-human HRP secondary antibody (37°C for 1 h). Assays were developed with tetramethyl benzidine/H~2~O~2~ substrate (AMRESCO LLC, Solon, OH, USA) and stopped with 2 M H~2~SO~4~, and then read on a spectrophotometer at 450λ. Each individual serum was tested in triplicate. A total of 150 breast cancer patient, 150 normal control, and 40 cancer (non breast) patient serum samples were assayed.

Serum CA 15-3 measurement
-------------------------

In separate experiments, the same serum samples used for the autoantibody analysis were also tested for CA 15-3 levels using the CA 15-3 ELISA Kit from Invitrogen (Camarillo, CA, USA). The procedures were guided by the manufacturer's manual and each serum sample was diluted 1:20 in 1 × PBS. Each sample was tested in triplicate, and the mean ± standard deviation (SD) for each sample was calculated for statistical analysis.

Analysis of TAA messenger ribonucleic acid (mRNA) expression by reverse transcription (RT)-PCR
----------------------------------------------------------------------------------------------

Two novel TAAs, heterogeneous nuclear ribonucleoproteins F (hnRNPF) and ferritin heavy chain (FTH1) were identified in the sequencing analysis. To evaluate the correlation between protein expressions and antibody production, total RNA from 40 breast cancer, 40 cancer surrounding tissues, and 32 benign breast tumor tissues were extracted using the guanidinium thiocyanate-phenol-chloroform extraction (TRIZOL) reagent method. RNA of each sample was reverse transcribed to single-stranded cDNAs using Olig (dT) and M-MLV reverse transcriptase (Promega, Madison, WI, USA). The following primer sets for hnRNPF (forward: 5′-CCCTGGTCCTGCTCTGTT-3′; reverse: 5′-GGCAATGTGATCCCGTTT-3′), FTH1 (forward: 5′-TACGCCTCCTACGTTTAC-3′; reverse: 5′-GGCTTTCACCTGCTCATT-3′) and β-actin (forward: 5′-TTCCTTCTTGGGTATGGAAT-3′; reverse 5′-GAGCAATGATCTTGATCTTC-3′) were used to detect their molecular expression using semi-quantitative RT-PCR. The PCR products were subjected to 1% agarose gels and stained with ethidium bromide, and then visualized with ultraviolet light. Band intensity was analyzed using Quantity One Software (Bio-Rad Laboratories Inc, Hercules, CA, USA). All experiments were repeated three times.

Statistical analysis
--------------------

To analyze the differences between patient and control samples, the absorbance of each serum sample on the ELISA plate was averaged from triplicate tests. An unequal variance *t*-test was run between cancer and control samples. Nonparametric receiver operating characteristic curves (ROC) were used to calculate sensitivity and specificity, and the area under the curve (AUC) with 95% confidence intervals was used for individual as well as combined markers. Logistic regression was used to calculate the optimal sensitivity and specificity of the combined analysis between CA 15-3 and autoantibody analysis. Relative mRNA expression values were normalized with β-actin expression. For all tests, *P* \< 0.05 was considered statistically significant. All statistical analysis was performed using the SPSS software package version 16.0 (SPSS, Chicago, IL, USA).

Results
=======

Identifying TAAs from the breast cancer phage library
-----------------------------------------------------

In order to select tumor-associated phage-expressed proteins, a plaque-lift assay was carried out using the outputs of the biopanning. Comparisons between the duplicate plaque-lift membranes showed that the immunoreactivity of multiple phage-expressed clones exhibited higher affinity binding with antibodies in patient sera than in normal sera. Fifty putative TAA clones (darker spots) were selected for PCR and sequencing analysis. Among the 50 clones, only two were unique and expressed ORF proteins. DNA sequences of these two in frame proteins were matched to the proteins hnRNPF and FTH1. The function of hnRNPF is to provide the substrate for the processing events that pre-mRNAs undergo before becoming functional, translatable mRNAs in the cytoplasm, and hnRNPF also plays a role in the regulation of alternative splicing events.[@b20-ott-6-273] The FTH1 gene encodes the heavy subunit of ferritin, the major intracellular iron storage protein in prokaryotes and eukaryotes.[@b21-ott-6-273] Both proteins have been reported as overexpressed in adenocarcinoma of the pancreas, hepatocellular carcinoma, gastric carcinoma, and breast cancer tissues.[@b20-ott-6-273],[@b21-ott-6-273]

Antibody affinities to the ORF phage proteins
---------------------------------------------

To test the levels of autoantibodies against hnRNPF and FTH1 proteins, serum samples from 150 breast cancer patients, 150 normal controls, and 40 other cancer patients (non breast) were assayed using ELISAs, which were developed using the phage expressed hnRNPF and FTH1 proteins. The absorbance of OD~450~ (±SD) of autoantibodies against hnRNPF was 1.18 ± 0.41 in breast cancer patients and 0.86 ± 0.47 in normal controls, while FTH1 autoantibodies were 1.08 ± 0.48 in patients and 0.89 ± 0.39 in normal. Both autoantibodies were significantly higher in breast cancer patients than in normal controls (*P* \< 0.01) determined by *t*-test, and were also found significantly higher in other cancer patients as well ([Figure 1A](#f1-ott-6-273){ref-type="fig"}). These results suggest that hnRNPF and FTH1 autoantibodies may not be breast cancer specific markers. When tested with different stage samples, these two autoantibodies also showed significant elevations both in late stage (stage II and IV, n = 50) and early stage (stage I and II, n = 23) breast cancer patients compared to the controls (n = 50), and the elevated levels were stage dependent ([Figure 1B](#f1-ott-6-273){ref-type="fig"}). These two autoantibodies were further tested for their abilities in distinguishing lymph node metastasis (LNM) patients and non-LNM patients. Although both antibodies showed significant higher levels in LNM patients (n = 30) than non-LNM patients (n = 30), the antibodies against hnRNPF were more significant (*P* \< 0.01) than FTH1 (*P* \< 0.05), suggesting that antibodies against hnRNPF might be a potential prognostic marker for breast cancer as well ([Figure 1C](#f1-ott-6-273){ref-type="fig"}).

Diagnostic value of CA 15-3 levels combined with novel autoantibodies
---------------------------------------------------------------------

The same serum samples used in the autoantibody testing were also assayed for CA 15-3 protein levels using a commercial ELISA kit. The mean OD~450~ (±SD) values of serologic CA 15-3 proteins were 1.130 ± 0.152 in breast cancer patients and 0.871 ± 0.141 in control individuals (*P* \< 0.01). ROC curves were plotted to identify an optimal cutoff value that would distinguish case from control samples. According to the ROC curve, the AUC for CA 15-3 was 0.792, whereas the optimal sensitivity was 69.1% and the specificity was 89.4% when a cutoff value was set at OD~450~ = 0.986. The results were then analyzed combined with autoantibody values against hnRNPF and FTH1 using logistic regression and ROC analysis to determine the optimal cutoffs for the maximal sensitivity and specificity ([Table 2](#t2-ott-6-273){ref-type="table"}). Autoantibodies against FTH1 alone had an AUC of 0.686 with an optimal sensitivity of 81.2% and a specificity of 56.1% when the cutoff was set at OD4~50~ = 0.98, and hnRNPF alone AUC was 0.725 with an optimal sensitivity of 84.2% and a specificity of 60.8% when the cutoff was set at 1.09. However, when the two autoantibody analysis combined with CA15-3, the AUC increased to 0.931, and the optimal sensitivity and specificity improved to 89.3% and 93.8%, respectively ([Table 2](#t2-ott-6-273){ref-type="table"}). This diagnostic value was much greater than any single biomarker could achieve alone, indicating that CA 15-3 tumor antigen levels are complementary to autoantibody levels against hnRNPF and FTH1 in breast cancer patient sera.

mRNA expressions of hnRNPF and FTH1 in breast cancer and non tumor tissues
--------------------------------------------------------------------------

Expression of hnRNPF and FTH1 in 40 breast cancer, 40 cancer surrounding, and 32 benign breast tumor tissues were measured using semi-quantitative RT-PCR and analyzed with Quantity One software (Bio-Rad Laboratories Inc). The ratio of mRNA of hnRNPF/β-actin (±SD) was 0.419 ± 0.038 in benign tumor tissues, 0.422 ± 0.039 in cancer surrounding tissues, and 0.457 ± 0.047 in breast cancer tissues; while the ratio of mRNA of FTH1/ β-actin was 0.368 ± 0.031 in benign tumor tissues, 0.369 ± 0.029 in cancer surrounding tissues, and 421 ± 0.032 in breast cancer tissues. Both hnRNPF and FTH1 showed significant overexpression (*P* \< 0.05) in breast cancer tissues compared to benign breast tumor tissues, while the cancer surrounding tissues showed slightly elevated mRNA levels of hnRNPF only ([Figure 2](#f2-ott-6-273){ref-type="fig"}). These results suggest that the increased autoantibody levels for hnRNPF and FTH1 might be triggered by the overexpression of their corresponding proteins in tumor tissues.

Discussion
==========

Serum tumor markers have the potential of being incorporated into diagnostic, prognostic, and therapeutic practice in breast cancer.[@b22-ott-6-273]--[@b26-ott-6-273] This potential has generated considerable interest with respect to identifying predictive tumor markers over the past three decades.[@b27-ott-6-273],[@b28-ott-6-273] However, efforts have only been focused on searching for either novel serological tumor-associated antigens or autoantibodies as biomarkers for breast cancer; they have not been tested in combination for breast cancer detection. So far, insignificant sensitivity and specificity have made clinical usage of these markers less dependable.

In this study, we identified two novel autoantibody biomarkers, hnRNPF and FTH1, and tested them in combination with the CA 15-3 from breast cancer patient and control sera. Although testing the two autoantibodies alone revealed significant differences between patient and control sera, the specificities remained relatively low (56.1% for FTH1 and 60.8% for hnRNPF). Even when we combined the two antibody biomarkers, the specificity only increased to 72.0%, while the sensitivity increased to 91.0%. On the other hand, analyzing CA 15-3 alone with the same serum samples, the sensitivity achieved was only 59.1% while the specificity was 89.4%. Interestingly, when the two autoantibodies were analyzed combined with CA 15-3, sensitivity and specificity increased to 89.3% and 93.8%, respectively; the predictive accuracy was much greater than using any single biomarker alone.

Although the results shown here appear promising, this high accuracy in the laboratory may not hold true when increasing the sample size. In addition, most of the patient serum samples collected in this study were from patients with advanced disease. Therefore, a large cohort of well characterized patient samples, especially with early stage patient samples, may be needed for further validation. Furthermore, a user friendly platform may be required when the assay is translated into a clinical routine. In this study, we measured CA 15-3 and the two autoantibodies separately using ELISA. It would be ideal if we could incorporate these two types of markers together on one plate or slide, so that the serum sample could be measured for these markers simultaneously rendering the results more consistent.

To date, most autoantibody biomarkers identified by us and others were found to have known tumor associated functions in different cancers or roles in signaling pathways.[@b26-ott-6-273],[@b29-ott-6-273]--[@b31-ott-6-273] However, none of these autoantibody biomarkers were derived from antibodies against traditional TAAs, such as carcinoembryonic antigen (CEA), prostate-specific antigen (PSA), CA 15-3, or others. The reason for this phenomenon might be due to the balance between antigens and antibodies in the plasma. Since both antigens and the corresponding antibodies coexist in plasma, they would be bound to each other to form immunoprecipitates. Therefore, if the antigen titer is greater than the antibody levels, the antigen would likely be detected and used as an antigen biomarker, eg, CEA, PSA, and CA 15-3, or vice versa for the autoantibody biomarkers. Hirasawa et al reported that the KL-6/MUC1 antigen has an almost reciprocal relationship to levels of anti-KL-6/MUC1 antibodies in non-small cell lung cancer patient sera.[@b32-ott-6-273] In our study, the two identified TAAs are overexpressed in breast cancer tissue compared to non tumor tissues, suggesting that the overexpression of tissue restricted gene products is a factor in the development of the humoral immune response in breast cancer patients.

In summary, our results showed that serologic TAAs and antibodies can be complementary to each other and combined measurements using these two types of biomarkers may improve the predictive accuracy for cancer detection.
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![Autoantibodies against hnRNPF and FTH1 in cancer patient and normal serum samples. Antigen ELISAs were developed using hnRNPF and FTH1 phage proteins for testing corresponding autoantibodies. (**A**) A cohort of serum samples from 150 breast cancer patients, 150 normal controls, and 40 other cancer patients were tested. Both antibodies against hnRNPF and FTH1 were significantly higher in breast cancer and other cancer patients than in the normal controls. (**B**) When tested with different stage samples, these two autoantibodies also showed significant elevations both in late stage (stage II and IV, n = 50) and early stage (stage I and II, n = 23) breast cancer patients compared to controls (n = 50), and the elevated levels were stage dependent. (**C**) Although both antibodies showed significant higher levels in LNM patients (n = 30) than non-LNM patients (n = 30), the antibodies against hnRNPF were more significant than FTH1.\
**Notes:** \**P* \< 0.05; \*\**P* \< 0.01.\
**Abbreviations:** ELISA, enzyme-linked immunosorbent assay; FTH1, ferritin heavy chain; hnRNPF, heterogeneous nuclear ribonucleoproteins F; LNM, lymph node metastasis.](ott-6-273Fig1){#f1-ott-6-273}

![Analysis of hnRNPF and FTH1 mRNA from tumor tissues. Expression of mRNA of (**A**) hnRNPF and (**B**) FTH1 were measured using semi-quantitative RT-PCR in tissues from 40 breast cancer, 40 cancer surrounding tissues, and 32 benign breast tumors. In panels (**A**) and (**B**), lanes 1--4 are breast cancer samples; lanes 5--6 are cancer surrounding tissue samples; lanes 7--8 are benign breast tumor samples; lane 9 is a negative control. (**C**) Both hnRNPF and FTH1 showed significant overexpression in the breast cancer tissues than in the benign breast tumor tissues, while the cancer surrounding tissues showed slightly elevated mRNA level of hnRNPF only.\
**Note:** \**P* \< 0.05.\
**Abbreviations:** FTH1, ferritin heavy chain; hnRNPF, heterogeneous nuclear ribonucleoproteins F; mRNA, messenger ribonucleic acid; RT-PCR, reverse transcriptase polymerase chain reaction.](ott-6-273Fig2){#f2-ott-6-273}

###### 

Characteristics of serum and tissue specimens

  ----------------------------------------------------------------------------------------------------------------------------------
  Age      Breast cancer sera\   Control sera\   Breast cancer tissues\   Benign tumor tissues (n = 32)                         
           (n = 155)             (n = 155)       (n = 40)                                                                       
  -------- --------------------- --------------- ------------------------ ------------------------------- ---- ---- --- --- --- ----
  ≤45      30                    5               16                       9                               35   7    4   3   0   5

  45--54   43                    7               24                       12                              41   10   5   4   1   9

  55--64   46                    6               25                       15                              44   15   6   7   2   12

  65--75   24                    4               11                       9                               25   8    4   3   1   6

  ≥75      12                    1               6                        5                               10   0    0   0   0   0
  ----------------------------------------------------------------------------------------------------------------------------------

###### 

Logistic regression analysis

  Biomarker                 AUC     95% confidence interval   
  ------------------------- ------- ------------------------- -------
  FTH1                      0.686   0.812                     0.561
  hnRNPF                    0.725   0.842                     0.608
  CA 15-3                   0.792   0.691                     0.894
  FTH1 + hnRNPF             0.816   0.911                     0.720
  FTH1 + CA 15-3            0.834   0.851                     0.927
  hnRNPF + CA 15-3          0.862   0.874                     0.910
  FTH1 + hnRNPF + CA 15-3   0.931   0.893                     0.938

**Notes:** AUC indicates diagnostic accuracy of biomarkers. The highest AUC is 1.

**Abbreviations:** AUC, area under the curve; FTH1, ferritin heavy chain; hnRNPF, heterogeneous nuclear ribonucleoproteins F.
